In humans, chronic psychological stress is associated with increased intestinal paracellular permeability and visceral hyperalgesia, which is recapitulated in the chronic intermittent water avoidance stress (WAS) rat model. However, it is unknown whether enhanced visceral pain and permeability are intrinsically linked and correlate. Treatment of rats with lubiprostone during WAS significantly reduced WAS-induced changes in intestinal epithelial paracellular permeability and visceral hyperalgesia in a subpopulation of rats. Lubiprostone also prevented WAS-induced decreases in the epithelial tight junction protein, occludin (Ocln). To address the question of whether the magnitude of visceral pain correlates with the extent of altered intestinal permeability, we measured both end points in the same animal because of well-described individual differences in pain response. Our studies demonstrate that visceral pain and increased colon permeability positively correlate (0.6008, P 5 0.0084). Finally, exposure of the distal colon in control animals to Ocln siRNA in vivo revealed that knockdown of Ocln protein inversely correlated with increased paracellular permeability and enhanced visceral pain similar to the levels observed in WAS-responsive rats. These data support that Ocln plays a potentially significant role in the development of stress-induced increased colon permeability. We believe this is the first demonstration that the level of chronic stress-associated visceral hyperalgesia directly correlates with the magnitude of altered colon epithelial paracellular permeability.
Introduction
In humans, chronic psychological stress is associated with increased intestinal permeability and visceral hyperalgesia, 58 which are also observed in the chronic intermittent water avoidance stress (WAS) rat model. 57 Water avoidance stress has been show to enhance visceral motor response (VMR) to colorectal distension (CRD), which is indicative of visceral hyperalgesia, in a number of rat strains and in mice. 1, [7] [8] [9] [10] 25, 30, 31, 38, 39, 49, 52, 55, 57 Water avoidance stress has also been demonstrated to induce increased intestinal permeability in both in vivo and in vitro assays. 6, 11, 19, 41, 42, 45, 48, 50, 54, 56, 57 Specifically, WAS induces increased permeability to macromolecules in the colon 11, 41, 45, 56, 57 and reduces epithelial tight junction protein expression in the colon epithelium. 57 Increased paracellular permeability in the colon has been linked to visceral hypersensitivity to colonic distension in an acute stress model. 2 However, it is unknown whether pain and permeability are intrinsically linked and correlate in a validated model of chronic stress.
Water avoidance stress-associated symptoms have been shown to be driven by activation of the hypothalamus-pituitary-adrenal (HPA) axis. Water avoidance stress-induced increases in pellet output, VMR to CRD, and paracellular permeability are mediated by elevated corticosterone levels acting on the glucocorticoid receptor, 26, 27, 57 whereas CRF has been shown to play a significant role in motility and visceral hyperalgesia. 35 Treatment with an oral antibiotic blocks WAS-induced visceral pain, 54 implicating the gut microbiome as a contributing factor to stress-induced visceral hyperalgesia.
Treatment with lubiprostone, which expedites restoration in intestinal barrier function in an ischemic porcine model, 36 reduced WAS-induced visceral hyperalgesia in a subpopulation of rats and prevented WAS-induced increases in intestinal permeability to large molecules. We observed that concurrent treatment with lubiprostone during WAS prevented the stress-induced decrease of the tight junction protein occludin (Ocln), which correlated with increased intestinal epithelial paracellular permeability. Although these population studies revealed that blocking WAS-induced increases in intestinal permeability had a significant effect to prevent stressinduced increases in VMR to CRD, it did not causally link the 2 outcomes. To directly link WAS-induced intestinal permeability and visceral hyperalgesia, we measured both outcomes in the same animal and observed a positive correlation between increased colon paracellular permeability and enhanced VMR to CRD (0.6008, P 5 0.0084). To provide additional evidence that increased intestinal epithelial paracellular permeability and visceral pain are causally linked, we exposed the distal colon in healthy control rats to siRNA to knockdown Ocln protein levels and observed increased epithelial paracellular permeability and enhanced VMR to CRD similar to the responses noted in WAS-responsive animals. We believe that this is
Water avoidance stress protocol
The WAS protocol is a well-established chronic intermittent stress model that is believed to represent moderate psychological stress associated with elevation in ACTH and corticosterone levels. 9, 25, 27, 57 The stress tank consisted of a plastic container (30 cm wide 3 37.5 cm long 3 26.5 cm high) with a pedestal 6 cm in diameter and 9.5 cm high attached to the center of the bottom of the tank. Daily, the tank was filled with fresh water (22-24˚C) to approximately 1 cm from the top of the pedestal. Animals were placed on the pedestal for 1 hour/day for 10 consecutive days. Sham WAS animals were placed in the same tanks without water and would curl up in a corner of the tank and sleep. Animals undergoing WAS were individually housed with no enrichment; social housing and enrichment have been shown to influence/ ameliorate the effects of WAS. 22, 31, 32 
Lubiprostone treatment
Oral administration of drugs to laboratory rodents is usually achieved by gavage; however, when this method is used twice daily, it can cause esophageal irritation and sometimes injury, as well as lead to restraint-associated distress. 3 Therefore, we used a method that allowed the rats to drink the dose based on the method developed by Atacha et al. 3 Briefly, rats were lightly restrained in a restraint bag. The ball portion of a gavage rod, attached to a 1-mL syringe filled with 500 mL of medium chain triglycerides (MCT) 6 lubiprostone, was placed just inside the rat's mouth and the rat then began to drink as the liquid was slowly dispensed. Rats did not exhibit signs of distress and after a couple of days were fully cooperative. A 500-mL volume of MCT, with or without a 10 mg/kg dose of lubiprostone, was administered twice daily for all experiments.
2.4. Pain assessment: visceral motor response to colorectal distension 2.4.1. Surgically implanted electrode method Electromyography (EMG) response (EMR) to CRD was measured to determine visceral pain. Assessment of EMR to CRD was based on previously described experiments.
9,25,27,57 On day 6 of 10-day WAS or sham stress, electrodes were implanted in the external oblique pelvic muscle to measure EMG to CRD. Briefly, rats were deeply anesthetized with a subcutaneous injection of a mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg). Silver wires (0.01 in/30 gauge) coated with PFA/Teflon (0.013 in/28 gauge) (A-M Systems, Sequim, WA) were inserted into the external oblique pelvic muscles superior to the inguinal ligament. Wires were tunneled subcutaneously and externalized at the nape of the neck where they were secured. Wounds were monitored daily for tenderness and infection to ensure complete recovery from surgery before testing.
EMG response to CRD was measured 24 hours after the last WAS or sham stress session. Rats were habituated to the Plexiglas cylinders used for partial restraint during testing. A custom-made distension device, consisting of a flexible latex balloon (4-5 cm), was inserted intra-anally with its end 1 cm proximal to the anus for 20 minutes before CRD was initiated. A series of CRDs was conducted at the constant pressures of 0, 20, 40, and 60 mm Hg. The EMG response for each CRD was recorded using SPIKE2/CED 1401 data acquisition interface (Cambridge Electronic Design Ltd, Cambridge, United Kingdom). Each distension consisted of 3 segments: a 20-second predistension baseline period, a 20-second distension period, and a 20-second period post-CRD. EMG responses were measured at intervals $4 minutes between CRDs and considered stable if there was #20% variability between 2 consecutive trials at each CRD pressure.
EMG signals higher than 0.2 mV were regarded as significant and used to estimate the pain response. The EMG activity was rectified, area under the curve of EMG amplitudes determined, and the signal during the CRD baseline period subtracted. The resulting values were then normalized as a percentage of the average of the control values at 60-mm Hg. This approach to normalization has been validated in a similar model to account for individual variations. 7 Experiments comparing EMG to CRD and permeability (see below) were performed on separate groups of rats 24 hours after completion of the WAS protocol.
Noninvasive manometric method
Visceral motor response to CRD was also assessed using a noninvasive manometric method validated by Larauche et al. 33 This relatively new method is gaining acceptance because it eliminates the potentially confounding effects of surgery and implanted electrodes on baseline stress levels and provides a more reliable method to perform serial measurements over time. In addition, the EMG method is subject to electrode failure, inflammation, and local infection at the site of the electrode placement. A balloon pressure sensor was made by building a distension balloon around a miniaturized pressure transducer catheter (SPR-524 Mikro-Tip catheter; Millar Instruments, Houston, TX). PE50 catheter tubing was taped 3.5 cm below the pressure sensor to use for inflating and deflating the balloon. Then a balloon, made from latex glove (brand), 2 cm wide 3 5 cm long was tied over the catheter tubing at 1 and 6 cm below the pressure sensor with a silk suture thread. The thread was then covered with parafilm (brand) to protect the rat and prevent air leakage. All balloons were tested to ensure 60 mm Hg pressure displaced 5.0 6 0.1 mL of water.
Visceral motor response to CRD was measured 24 hours before the start of WAS or sham stress and 24 hours after the last WAS/sham stress session. Measurements are expressed as the percentage of the prestress VMR to the 60 mm Hg CRD for each rat. Rats were habituated to the Plexiglas restraint cylinders by placement of the cylinders in their cage for at least 1 hour the day before measurements, but not restrained in the tube. It was determined in preliminary experiments that if the rats were placed in the tube for 1 hour the day before VMR to CRD measurements, prestress responses were higher than those after stress. We believe that this is a response to restraint stress.
To measure VMR to CRD, rats were briefly anesthetized with isoflurane (4% in air initial, 1.5% in air maintenance) and the lubricated balloon pressure sensor was inserted intra-anally with its end 1 cm proximal to the anus. The balloon pressure sensor was secured to the tail with tape and in a Plexiglas cylinder used for partial restraint during testing with a light cotton blanket covering. The rat was allowed to recover fully for 15 to 20 minutes. Predistension at 60 mm Hg was performed to unfurl the balloon, followed by a series of CRDs conducted at constant pressures of 60, 40, and 20 mm Hg twice, with at least a 4-minute interstimulus interval. Each distension consisted of 3 segments: a 20-second predistension baseline period, a 20-second distension period, and a 20-second period post-CRD. The VMR electrical signal (mV) for each CRD was recorded using SPIKE2/CED 1401 data acquisition interface (Cambridge Electronic Design Ltd). Visceral motor responses were considered stable if there was #20% variability between 2 consecutive trials at each CRD pressure. Signals higher than the backroad for each pressure-sensor probe (0.2-0.6 mV) were regarded as significant and used to estimate the pain response. The resulting values were then normalized as a percentage of 60 mm Hg readings taken prestress/sham stress. This approach to normalization has been validated in a similar model to account for individual variations. 31, 33 In summary, in experiments using the nonsurgical VMR to CRD method, each rat served as their own control.
In vivo intestinal permeability assay
On the day after completion of 10 days of WAS or sham stress, rats were fasted for 4 hours, gavaged with 400 mg/kg of 4-KDa FITCdextran (Sigma, St. Louis, MO), and after 4 hours, blood was collect by heart puncture. Blood was transferred to EDTA-coated tubes and samples were centrifuged at 2000g for 15 minutes at 4˚C. The plasma fraction of the blood was collected and stored at 2 80˚C until analysis. Plasma FITC-dextran levels were determined using fluorescent spectrometry. To determine FITC-dextran levels, 25 mL of plasma was diluted in 175 mL of PBS in a 96-well black wall microplate in triplicate. FITC-dextran standards in PBS, along with 25 mL of pooled rat serum, were also included. The standard curve was then used to determine the ng/mL of FITC-dextran. Higher FITC-dextran levels indicated increased intestinal permeability. The in vivo intestinal permeability data for each rat were correlated with that animal's VMR to CRD.
In vitro permeability assay/Ussing chamber
The Ussing chamber experiments were performed according to guidelines from Clarke, 2009. 12 After euthanasia, the distal colon (just 5-6 cm proximal to the anus) was dissected out and immersed in ice-cold oxygenated Krebs solution (115 mM NaCl, 25 mM NaHCO 3 , 2.4 mM K 2 HPO 4 , 0.4 mM KH 2 PO 4 , 1.2 mM MgCl 2 , 1.2 mM CaCl 2 , and 10 mM glucose). The colon was opened longitudinally along the mesenteric attachment remnant and the serosal musculature stripped away leaving only the submucosal and mucosal (epithelium) layers. Two pieces of adjacent tissue from each colon were mounted in an EasyMount Ussing chamber apparatus with the P2405 slider (Physiologic Instruments, SanDiego, CA). The 0.4 cm 2 of tissue was exposed to 4 mL of circulating oxygenated Krebs buffer at 37˚C. Inserted into the chambers were standard agar salt bridges (3.5% agar in 3 M KCl) to monitor the potential difference across the tissue and to inject the required short circuit current (I sc ) from a Model EC-825 Epithelial Voltage Clamp (Warner Instruments, Inc, Hamden, CT). Baseline values for spontaneous potential, I sc , and conductance were recorded after equilibrium, 20 minutes after mounting, and then at 25, 35, 60, and 90 minutes after mounting. Resistance was determined by sending pulses of 25, 5, and 10 mV through the tissue, recording the change in I sc and then calculating resistance by Ohm's law. Colon tissue segments with signs of poor viability, which included spontaneous potential ,1 mV, unstable I sc , or unstable resistance, were excluded from the study.
Mucosal to serosal transport of macromolecules was assessed by measuring the flux of 4-KDa FITC-dextran (Sigma). Briefly, 4-KDa FITC-dextran dissolved in Kreb's buffer was added to a final concentration of 4 mg/mL into the mucosal side of the Ussing chamber, and an equal volume of Kreb's buffer was added to the serosal side of the chamber. Aliquots of 450 mL were taken from each chamber at 30 and 60 minutes after the addition of FITC-dextran. FITC-dextran levels were determined using fluorescent spectrometry in a 96-well black wall microplate in duplicate. A FITC-dextran standard curve diluted in Kreb's buffer was included and was used to determine the ng/mL of FITCdextran. The apparent permeability coefficient was then calculated using the following formula: P app 5 (ΔC/Dt)V/C o A, where DC is the change in concentration of 4-KDa FITC-dextran on the serosal side, Δt the time interval (30 minutes), V the volume of the chamber (4 mL), C o the initial concentration of 4-KDa FITCdextran, and A the area of the exposed tissue (0.4 cm 2 ). The in vitro permeability assay and Ussing chamber data from each animal were correlated with that animal's VMR to CRD.
Western blot
Distal colon sections were taken from rats 24 hours after WAS or sham stress, snap frozen, and stored at 280˚C. Tissue was homogenized in ice-cold RIPA buffer (Pierce cat# 89900; ThermoFisher Scientific, Waltham, MA) supplemented with complete mini protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN). In siRNA experiments, colon epithelium was collected by mechanical scrapping, spun down in DPBS with calcium and magnesium, the supernatant removed, and the cell pellet lysed with an equal volume of RIPA buffer supplemented with protease inhibitor cocktail. After lysis, samples were centrifuged at 14,000g for 10 minutes at 4˚C. The protein concentration in the supernatants was determined with Bio-Rad Protein Assay Dye Reagent (cat# 500-0006; Bio-Rad, Hercules, CA) using a standard curve made with BSA protein.
Proteins were resolved with SDS-PAGE and transferred to polyvinylidene difluoride membranes (Amersham Biosciences, Piscataway, NJ) using the Mini-PROTEAN 3 apparatus (Bio-Rad). Polyvinylidene difluoride membranes were blocked with 5% nonfat powdered milk in Tris-buffered saline with 0.1% Tween (TBST) and probed with occludin-specific antibody (mouse antioccludin 33-1500; Invitrogen Thermo Fisher Scientific, Carlsbad, CA, rabbit anti-occludin ABT146; EMD Millipore, Burlington, MA), mouse anti-b-actin (SC-47778; Santa Cruz Biotechnology), or mouse anti-GAPDH (SC-20356; Santa Cruz Biotechnology) antibodies. Membranes were washed with Tris-buffered saline with 0.1% Tween-20. Immunoblots were developed using the West Dura Supersignal chemiluminescence kit (Pierce, Thermo Fisher) and visualized using X-ray films. Immunoblot films were scanned at 1200 dots per inch using the film (transparency) function of the scanner. Scans were semiquantified with Image J software (National Institutes of Health) according to the gel analysis method outlined in the ImageJ documentation.
Immunostaining
Distal colon tissue from a different group of rats was removed 24 hours after completion of WAS or sham stress and VMR to CRD measurements, fixed in 4% formalin, quenched with 30% sucrose, and embedded in OCT (ThermoFisher Scientific). Tissue sections were cut at the thickness of 10 to 12 mm and immunostained. For immunostaining, sections were blocked with 10% normal goat serum in PBS with 0.1% Triton X-100 overnight at 4˚C. Sections were then incubated with polyclonal anti-occludin antibody (ABT146; Millipore) and goat anti-rabbit Alexa 594-conjugated secondary antibody (Molecular Probes, Carlsbad, CA) for 2 hours each at room temperature with washing in PBS with 0.1% Triton X-100 after each incubation. Images were visualized using a Zeiss microscope and images processed using Zeiss Black software.
siRNA treatment
For rats treated with siRNA, VMR to CRD was performed using the noninvasive manometric method described previously before treatment and 48 hours after treatment with the siRNA reagent. Values are expressed as the percentage of the VMR at 60-mm Hg distension from the pretreatment CRD for each rat. The researcher performing the VMR to CRD was blinded to which treatment group was being handled.
To prepare the siRNA, either Silencer Select Pre-designed Ocln-specific siRNA (Ambion by life technologies, Catalog# 4390816) or Silencer Select Negative Control siRNA (Ambion by life technologies, Catalog# 4390844) was prepared by dissolving 40 nmol of siRNA in 600 mL of deionized water and separated into 100 mL aliquots. A siRNA aliquote was prepared for each rat immediately before treatment by adding 100 mL of lipofectamine 2000 (ThermoFisher), mixing the tube, and incubating the mixture for 20 minutes at room temperature. After 20 minutes of incubation, 800 mL of water was added and the sample mixed by inverting the tube.
For siRNA treatment of the rats, the rats were anesthetized with isoflurane and manually stimulated to remove fecal pellets within 8 cm distance of the anal opening. A lubricated 1-mL syringe was then used to flush out the fecal matter. Next, 1 mL of siRNA solution was delivered through the anus using a lubricated 1-mL syringe and the anus sealed using a plastic plug to prevent the liquid from leaking out. After 2 hours, the plastic plug was removed and the rat removed from the anesthetic. Preliminary studies indicated that the 1 mL delivery of the siRNA was retained in the distal colon (5-7 cm proximal to the anus). Two days after treatment, VMR to CRD was determined, the rat sacrificed, and the colon epithelium was mechanically collected from the distal colon (5-7 cm proximal to the anus) and the proximal colon (10-17 cm proximal to the anus). Western blot analysis was performed as described above to assess knockdown of occludin protein.
Results

Lubiprostone prevents water avoidance stress-mediated increase in gut permeability and decreases visceral hyperalgesia
To determine whether preventing gut permeability blocks WASinduced visceral hyperalgesia, we used lubiprostone treatment.
Lubiprostone is a bicyclic fatty acid derived from prostaglandin E1 that is used to treat chronic constipation in suitable patients by activating the CIC-2 chloride channel on the apical aspect of gastrointestinal epithelial cells, producing a chloride-rich fluid secretion. 4, 13, 17 A subset of patients taking lubiprostone reported significant improvement in abdominal pain. 18 In animal models, lubiprostone has been shown to restore barrier function and epithelial tight junction protein expression after barrier disruption and protect the intestinal epithelium from damage when administered before insult. 15, 16, 24, 37 In preliminary experiments, the effect of lubiprostone on WASinduced increase of VMR to CRD was assessed in rats receiving 4 different lubiprostone dosing schemes. The recommended therapeutic dose range of lubiprostone for the rat was 10 to 100 mg/kg/day, with 10 mg/kg/day the suggested starting dose (personal correspondence with Takeda/Sucampo representatives). Dosing schemes included 1 or 10 mg/kg twice daily or 2 or 20 mg/kg once daily. Rats given 1 or 2 mg/kg lubiprostone twice daily while undergoing WAS demonstrated no significant changes in VMR to CRD compared with untreated WAS rats (data not shown). Rats that received lubiprostone 10 mg/kg twice daily or 20 mg/kg once daily during WAS had a significant decrease in VMR to CRD compared with untreated and vehicletreated WAS rats. No differences were observed in untreated and vehicle-treated rats. The 10 mg/kg twice daily dose induced a slightly greater and more consistent decrease in VMR response, therefore, all further experiments were performed with a lubiprostone dose of 10 mg/kg twice daily during the 10 days of WAS or sham stress.
To test whether lubiprostone treatment would prevent WASinduced visceral hyperalgesia, rats were subjected to sham stress (Ctrl) or WAS while they received vehicle (MCT) or lubiprostone (Ctrl 1 L and WAS 1 L) treatments twice daily. Visceral motor response to CRD was determined using the surgically implanted electrodes 24 hours after completion of WAS/sham stress. In Ctrl rats (n 5 11), lubiprostone and MCT vehicle did not significantly influence CRD to VMR at any CRD pressure measured (Fig. 1A) . Water avoidance stress-treated rats (n 5 11) showed an increase in VMR to CRD at 40 mm Hg (P # 0.02) and 60 mm Hg (P # 0.0001) pressure compared with Ctrl (1.9-and 2.13-fold, respectively) and Ctrl 1 L (2.82-and 1.85-fold, respectively) (Fig. 1A) . Lubiprostone treatment (n 5 15) significantly decreases EMG response to CRD in WAS animals at 60 mm Hg pressure (WAS 210% vs WAS 1 L 160%; P # 0.0001) (Fig. 1B) . In summary, we normalized the data to the average value (using raw data) of the 60 mm Hg pressure in control rats and expressed all the other values in the same group and other groups as a function of this value, eg, designated 100%. This methodology has been used in numerous publications. Every data point in Figure 1B represents 1 individual measurement, which shows the actual variation of the data at 40 and 60 mm Hg pressure between the 4 different groups. As shown in Figure 1 , the variation of pain response to CRD at a particular distension pressure could be easily identified in the same group of animals. We also analyzed the difference between these 4 groups using the raw data and determined that there was no statistically significant difference between groups other than the actual values indicated in the Y-axis of Figure 1B . In summary, the trend of changes (mean 6 SEM) at different distension pressures between the 4 groups were the same using the raw data vs normalized data.
Interestingly, 8 of the 15 lubiprostone-treated WAS rats had EMG responses to CRD that were within 2 SDs from the average value of control animals at both 40 (WAS 1 L 5 50% 6 6.9%; Ctrl 5 60.5% 6 9.32%) and 60 mm Hg (WAS 1 L 5 84% 6 7.3%; Ctrl 5 99% 6 4.9%) pressures, whereas the rest of the lubiprostone-treated rats had significantly higher VMR to CRD levels compared with control rats. Therefore, lubiprostone prevented WAS-induced visceral hyperalgesia in 53% of rats. We next examined whether this outcome was due to lubiprostone only partially blocking gut permeability in a subpopulation of rats.
To assess the effect of lubiprostone on gut permeability, an in vivo gut permeability test was performed. On the day after completion of WAS (n 5 14) or sham stress controls (n 5 7), rats were gavaged with 4-KDa FITC-dextran and its presence in blood plasma was assayed 4 hours later (Fig. 2) . Because 4-KDa FITCdextran is 14Å in size, this reagent is used to detect impairment in the leak paracellular pathway. 14, 44 No significant differences between treatment groups were observed when a 1-way analysis of variance (ANOVA) was performed ( Fig. 2A) . However, a subpopulation of rats exhibited intestinal permeability that was greater than 2 SDs from the average permeability observed in control rats. Specifically, WAS-responsive rats were .499 ng/mL and the remaining were nonresponsive to WAS, eg, WAS-NR #2 SDs from the average Ctrl value. When WAS rats were separated into subgroups (WAS-R [n 5 7] and WAS-NR [n 5 7]), significant differences were observed between control and WAS-R rats (321 6 34 vs 872 6 208 ng/mL, respectively, P 5 0.0041), WAS-NR and WAS-R rats (257 6 (Fig. 2B) . These data indicate that lubiprostone treatment prevented WAS-induced intestinal permeability increases in a subpopulation of rats that respond to WAS with significant barrier dysfunction.
3.2. The protein levels and localization of the epithelial tight junction protein occludin inversely correlates with increased gut permeability Previously, we found that WAS induces increased permeability to PEG-400 (4.7-7.6Å) in the colon, but not the small intestine. 57 In the current study, a subpopulation of rats demonstrated WASinduced increased permeability to 4-KDa FITC-dextran (14Å). Because of the size of this molecular species, these data indicate that the paracellular leak pathway is involved in WAS-induced increased colon permeability. The leak pathway is formed by gaps in the tight junctions between cells, allowing passage of molecules. The level of expression of the intestinal epithelial tight junction protein occludin (Ocln) has been shown to stabilize tight junctions, reducing the number and size of the gaps between cells. 14, 44 In addition, cortisol in the human and corticosterone in the rodent, key players in the HPA axis, are known to regulate Ocln gene expression via a glucocorticoid receptor-binding site upstream of the Ocln gene. 21, 23 Therefore, we analyzed changes in Ocln protein levels in distal colon tissue extracts.
Western blot analysis of Ocln protein levels revealed no significant difference between control rats and WAS rat groups because of the large variation of Ocln levels between individual rats (Fig. 3A) . However, when WAS protein samples were grouped based on whether the rat of origin responded to WAS with increased permeability, WAS-R, or were nonresponsive to stress, significant changes were observed in WAS-NR (Fig. 3B) . Ocln protein levels were significantly different between WAS-R and Ctrl rats (63.7% 6 30.3% vs 123% 6 50.3%, P 5 0.0064). Also, colon tissue from WAS-R showed a significant decrease in Ocln levels over colon tissue from WAS 1 L rats (63.7% 6 30.3% vs 275% 6 175%, P 5 0.0098), demonstrating that lubiprostone treatment prevented stress-induced decreases in Ocln protein expression. Although there was no significant difference between WAS-NR and the Ctrl group, 5 of 7 rats in the WAS-NR group exhibited a decrease in Ocln protein level from the average Ocln protein level of the Ctrl group (88%-117% vs 123%, respectively), with 4 of the 7 WAS-NR rats exhibiting a .10% decrease from the average ctrl. In addition, despite lack of significance, the average WAS 1 L group Ocln level (275%) was over 2-fold greater than the average WAS-NR group Ocln level (112%) (Fig. 3B) .
Because protein levels are not an indication of localization, we next analyzed the localization of Ocln protein in colon tissue using fluorescent immunostaining. Immunostaining of colon tissue from control rats revealed Ocln localization in the expected pattern for its role in stabilization of the tight junction. In control rat colon, Ocln localized mainly at the apical (luminal) side of the epithelium layer and extended between cells decreasing toward the basal side of the epithelium (Figs. 4A-C, yellow arrows) . Water avoidance stress rats that did not exhibit an increase in intestinal (Figs. 4D-F, large white arrows) . Overall, the staining levels observed agreed with the levels determined by Western blot analysis. Water avoidance stress (WAS)-induced gut permeability is prevented with lubiprostone treatment. Rats were subjected to sham stress (Ctrl, n 5 7) or WAS (n 5 14) for 1 hour/day for 10 consecutive days while receiving MCT vehicle or lubiprostone (Ctrl 1 L, n 5 5) and (WAS 1 L, n 5 8) treatment twice daily. On day 11, rats were treated with 4 KDa FITC-Dextran by gavage, and after 4 hours blood was collected by heart puncture. Samples were processed, plasma fluorescence levels determined, and the ng/mL calculated using a standard curve. Data were analyzed by 1-way ANOVA (A). No significant differences were observed until a subgroup analysis was performed (B). A subset of rats responded to WAS with increased gut permeability (WAS-R, n 5 7, .2 SDs from the average Ctrl value, .499 ng/mL) and the rest were nonresponsive to WAS (WAS-NR, n 5 7, #2 SDs from the average Ctrl value). ANOVA, analysis of variance; MCT, medium chain triglycerides; WAS, water avoidance stress. . P values were calculated using unpaired t-tests, not assuming equal SD because of a large variation between treatment groups, with an adjustment for multiple observations, 2% FDR. (C) Occludin (Ocln) protein levels (% control) vs gut permeability to 4 KDa FITC-dextran (ng/mL) was graphed for control (filled circle), control 1 lubiprostone (open circle), WAS-NR (triangle), WAS-R (square), and WAS 1 L (diamond) rat groups. The Pearson and Spearman rank-order correlations were determined; the Spearman correlation was more significant, indicating a nonlinear relationship and is shown. WAS, water avoidance stress.
Gut permeability inversely correlated with occludin protein levels
Ocln stabilizes tight junctions, preventing gaps between epithelial cells and decreases permeability via the paracellular leak pathway. We observed a large variability for both permeability and Ocln protein levels in the distal colon. Therefore, we analyzed the relationship between permeability and Ocln levels. Ocln protein levels (% control) vs gut permeability to 4-KDa FITC-dextran (ng/mL) were graphed and correlations calculated. The Pearson correlation coefficient was 20.3906 (P 5 0.0246) and the the Spearman rank-order correlation was 20.5859 (P 5 0.0026) (Figs. 3C) . The Spearman correlation was both significant and negative, indicating a nonlinear, inverse relationship between gut permeability and Ocln protein levels. This correlation supports the conclusion that Ocln plays a significant role in WAS-induced permeability. 
Colon epithelial permeability directly correlates with visceral hyperalgesia
Measuring electromyography response to CRD with surgically implanted electrodes has been shown to be stressful to the animals 31, 33 and is technically challenging when multiple measurements (ie, on the day before and after stress/sham stress) are desired to clarify differences because of variability. Therefore, to determine if there is a direct correlation between barrier function and visceral pain, we used a new nonsurgical method to measure VMR to CRD that uses a balloon pressure sensor made by building a distension balloon around a miniaturized pressure transducer catheter (see material and methods) that allows VMR to CRD to be measured before and after stress/sham stress, as well as in vivo colon permeability in the same rat, longitudinally.
On the day before the start of WAS or sham stress, VMR to CRD was measured for all rats. Rats were subjected to sham stress (Ctrl) or WAS for 1 hour/day for 10 consecutive days, and VMR to CRD was measured again 24 hours after the last stress session. Values were expressed as a percentage of the signal measured at 60 mm Hg prestress (Fig. 5C) . Water avoidance stress-treated rats demonstrated an increase in VMR to CRD at 60 mm Hg over controls (WAS 135% 6 60% compared with Ctrl 107% 6 9%), but was not significant with a student t-test analysis. This was due to the variable response to WAS, with measurements ranging from 61% to 243%.
The day after the completion of WAS or sham stress, Ussing chamber experiments were performed to determine mucosal to serosal transport of 4 KDa FITC-dextran for colon epithelium and expressed as apparent permeability (Papp). Again, no significant differences were observed between Ctrl and WAS rat groups (2.89 6 0.74 3 10 26 vs 4.1 6 2.7 3 10 26 cm/seconds, respectively) because of variability in the WAS group (Papp values ranged 2.1-9.7 3 10 26 cm/seconds) (Fig. 5A) . Transepithelial resistance (TER) was also measured, which is a well-accepted indicator of epithelial barrier integrity. 12 When comparing TER measurements, again, no difference was observed between Ctrl (104.4 6 13.6 V/cm 2 ) and WAS (98.6 6 14.7 V/cm 2 ) rat groups (Fig. 5E) .
As observed in the in vivo intestinal permeability assay, a subpopulation of rats exhibited intestinal permeability that was greater than 2 SDs from the average P app value of control rats. When WAS rats were separated into groups that were WAS responders with increased permeability to 4 KDa FITC-dextran (WAS-R .2 SDs; n 5 3 from the average Ctrl value) and those that were nonresponsive to stress (WAS-NR, n 5 7), significant differences were observed using a 1-way ANOVA between the WAS-R group and Ctrl and WAS-NR groups not only for permeability (Fig. 5B) , but also VMR to CRD (Fig. 5D) and TER (Fig. 5F) . Specifically, when WAS rats were placed into subgroups based on the permeability data, colon epithelial permeability for WAS-R rats showed a significant increase over Ctrl rats (7.8 6 1.8 3 10
26 vs 2.1 6 0.7 3 10 26 cm/seconds, P 5 0.0064) and the WAS-NR rat group (7.8 6 1.8 3 10 26 vs 2.5 6 0.4 3 10 26 cm/seconds, P 5 0.0064). Also, TER was decreased in the WAS-R group compared with Ctrl (77.8 6 9 vs 104.4 6 13.6 V/cm 2 , P 5 0.027) and WAS-NR (77.8 6 9 vs 103.4 6 10.8 V/cm 2, P 5 0.0385) groups. When VMR to CRD data were reanalyzed based on the permeability data, WAS-R rats demonstrated a significant increase in VMR to CRD at 60 mm Hg distension over both Ctrl (184% 6 55% vs 107% 6 9%, P , 0.0001) and WAS-NR (184% 6 55% vs 104% 6 40%, P , 0.0001) rat groups in a 1-way ANOVA analysis. Most significantly, when colon permeability (P app ) was plotted as a function of VMR to CRD (Fig. 5G) , a significant positive correlation of 0.6008 (P 5 0.0084) was observed. As expected, TER and permeability revealed a linear negative correlation with a Pearson coefficient of 20.6045 (P 5 0.0102) (Fig. 5H) . Because permeability was determined in an Ussing chamber using tissue obtained from the colon, this shows that the increased permeability involves changes in the colon.
3.5. Knockdown of the epithelial cell tight junction protein Ocln in the colon in control rats leads to visceral hyperalgesia To test the hypothesis that increased colon permeability leads to visceral hyperalgesia, we treated control rats with Ocln-specific siRNA. We chose to target Ocln because we demonstrated that the Ocln protein level correlates with colon barrier dysfunction (Fig. 3) , and Ocln has been shown to be a key player in maintaining tight junction stability and barrier function in knockout mice, 14 without being lethal. Ocln siRNA-treated rats (n 5 5) showed a significant increase (P , 0.01) in VMR to CRD over rats treated with Control (scrambled) siRNA (n 5 5) at all distension pressures tested (Fig. 6A ) (20 mm Hg: 155% 6 32% vs 58% 6 26%, P , 0.0001; 40 mm Hg: 146% 6 20% vs 106% 6 11%, P 5 0.0056; 60 mm Hg: 145% 6 35% vs 96% 6 22%, P 5 0.0007; mean 6 SD, 1% FDR). Ocln siRNA-treated rats had significantly higher VMR to CRD levels at 20 and 40 mm Hg distension pressures (P , 0.0001, 1% FDR) when compared with all WAS rats (compare Figs. 5C and 6A: 20 mm Hg: 155% 6 32% vs 41% 6 51%; 40 mm Hg: 146% 6 20% vs 76% 6 49%; 60 mm Hg: 145% 6 35% vs 96% 6 22%). However, no significant differences were observed between Ocln siRNAtreated and WAS-R rat groups VMR to CRD data (compare Figs. 5C and 6A: 20 mm Hg: 155% 6 32% vs 107% 6 9%; 40 mm Hg: 146% 6 20% vs 104% 6 41%; 60 mm Hg: 145% 6 35% vs 184% 6 55%). Overall, Ocln siRNA treatment increased pain in healthy control rats to a level similar to that observed in WAS-R rats.
After VMR to CRD measurements, rats were sacrificed, colon tissue harvested, and Ocln protein levels were analyzed. Because Ocln levels can vary up to 30% between individuals (Fig. 3B) and the siRNA intervention was designed to localize the siRNA intervention to the distal 5 cm of the colon, we compared Ocln protein levels from the proximal and distal portion of the colon (Figs. 6C and D) in a subpopulation of rats, Control (scrambled) siRNA (n 5 3), and Ocln siRNA (n 5 3). Control rats demonstrated distal colon epithelial Ocln levels that were 122% 6 32% of the proximal colon epithelium levels (data not shown). This subpopulation of rats underwent VMR to CRD and permeability 6 control vs Ocln siRNA using tissue harvested from the proximal and distal colon to confirm that the effect of rectal installation of the siRNA intervention was confined to the distal colon. In this group, the Ocln siRNA treatment markedly decreased Ocln protein expression in the rectum in 2 rats and had no effect in 1 rat. Specifically, Western blot analysis showed that 2 of 3 rats treated with Ocln siRNA had undetectable Ocln levels in the distal colon compared with the proximal (Fig. 6C) . One Ocln siRNAtreated rat showed no Ocln knockdown and this rat demonstrated CRD to VMR at 60 mm Hg that was 106% 6 8% of pretreatment values, eg, no significant change in VMR to CRD compared with the control. We do not know why the Ocln siRNA treatment demonstrated no effect in this rat but speculate that the presence of fecal pellets in the distal colon of this rat interfered with the availability of the Ocln-siRNA reagent to interact with the epithelium.
The control siRNA-treated rats' Ocln levels (Fig. 6C) were decreased in 2 rats (76% and 68% of the control level); however, these levels were within the 33% variance observed in nontreated controls, indicating this was variation in the Ocln protein levels and not actually knockdown. No significant knockdown of Ocln protein levels in control siRNA-treated rats is supported by VMR to CRD data, eg, when VMR to CRD data from control sham-stressed rats and control siRNA-treated rats were compared, no significant differences were observed for all distension pressures (20 mm Hg: 33% 6 12% vs 58% 6 26%; Figure 5 . Level of visceral pain correlates with the magnitude of change in colon permeability. Rats were subjected to sham stress (Ctrl, n 5 8) or WAS (n 5 10) for 1 hour/day for 10 consecutive days. Visceral motor response (VMR) was measured using the noninvasive manometric method on the day before stress/sham stress and 24 hours after the last WAS/sham stress session. Each rat served as its own control, with data expressed as a percentage of the average 60 mm Hg prestress measurement (C and D). Twenty-four hours after WAS/sham stress, the distal colon was removed, the serosal musculature stripped away, and the tissue put into an Ussing Chamber to determine the mucosal to serosal transport of 4 KDa FITC-dextran, apparent permeability (Papp, A and B), and TER ( E and F) for each rat. A subgroup analysis based on permeability was performed to separate rats into WAS-responders (WAS-R, n 5 3), those with Papp values greater than .2 SDs from the average Ctrl value, and WAS non-responsive (WAS-NR, n 5 7), those with Papp values #2 SDs from the average Ctrl (B, D, and F). All data are expressed as mean 6 SD. A student t-test (2 groups) or 1-way ANOVA analysis (3 groups) was performed to determine significance. The Pearson and Spearman rank-order correlations were determined for Papp vs VMR (G) and Papp vs TER (H); the Pearson correlation was more significant, indicating a linear relationship, and is shown (n 5 17). ANOVA, analysis of variance; TER, transepithelial resistance; VMR, visceral motor response; WAS, water avoidance stress. www.painjournalonline.com40 mm Hg: 79% 6 33% vs 106% 6 11%; 60 mm Hg: 107% 6 9% vs 96% 6 22%).
Ussing chamber experiments were performed to confirm that siRNA knockdown of Ocln protein in the distal colon leads to increased permeability. Mucosal to serosal transport of 4-KDa FITC-dextran (P app ) and TER was measured in tissue obtained from the distal colon of rats treated with Ocln-specific and Control (scrambled) siRNA. Interestingly, no significant differences in TER measurements were observed (data not shown, refer to Discussion section for comments). Permeability was significantly increased (P 5 0.0106) in rats treated with Ocln siRNA (6.88 6 0.71) compared with Ctrl siRNA-treated (3.18 6 0.35) rats (Fig. 6B) . The permeability (P app ) of the distal colon epithelium from WAS-R rats and Ocln siRNA-treated control rats was similar (7.82 6 1.77 vs 6.88 6 0.71), as was that of Ctrl (sham stress) and Control siRNA (2.88 6 0.74 vs 3.18 6 0.35) with no significant differences.
Discussion
The existence of an association between chronic psychological stress, increased intestinal permeability, and visceral hyperalgesia is an active area of investigation and increasingly accepted based on animal and human studies. However, few studies have attempted to causally link chronic stress, impaired permeability, and enhanced abdominal pain. In this report, we provide compelling data supporting the interpretation that chronic stress-induced visceral hyperalgesia is causally linked to increased intestinal epithelial paracellular permeability. We believe that this is the first study to directly assess both pain and permeability in the same animal, which is necessary to correlate the 2 end points in a rigorous manner because of well-known individual differences in pain and permeability measurements in population studies.
Our results reveal a significant degree of individual variability in the pain response, which correlates with intestinal permeability (Fig. 3C) . Using measurements in the same animal, our data demonstrate a positive correlation between the level of visceral pain and the magnitude of paracellular permeability (0.6008, P 5 0.0084) in a validated model of chronic, intermittent stress. Our data support the interpretation that prevention of WAS-induced increase in intestinal permeability with lubiprostone significantly decreases visceral hyperalgesia (Figs. 1 and 2) . However, measurements of permeability and visceral pain in the same animal 6 lubiprostone will be required to confirm that preventing In a second group of rats, 48 hours after Ocln siRNA (n 5 5) or control siRNA (n 5 5) treatment, the distal colon was removed, the serosal musculature stripped away, and the tissue put into an Ussing Chamber to determine the mucosal to serosal transport of 4 KDa FITC-dextran, apparent permeability (Papp). Some bars are too small to see. The difference between Ctrl siRNA and Ocln siRNA groups was signficant (*P, 0.05, t test with a 1% FDR). CRD, colorectal distension; VMR, visceral motor response. gut permeability changes with lubiprostone decreases visceral hyperalgesia. Conversely, we also show that increasing colon paracellular permeability in control rats by treating the distal colon with Ocln siRNA in vivo leads to increased visceral pain similar to levels observed in WAS-R rats (Fig. 6) . It is potentially noteworthy that the effect of Ocln siRNA treatment in control rats on permeability and VMR to CRD may be more potent than WAS at comparable end points. For example, the increase in VMR to CRD at 20 mm Hg is significantly higher in the Ocln siRNA-treated control rats compared with the WAS rats (Figs. 1 and 6) . Overall, these findings support that increased colon permeability plays a potentially pivotal role in the development of visceral hyperalgesia.
In addition, our findings demonstrated that the tight junction protein Ocln plays a significant role in the development of stressinduced colon permeability. Specifically, reduction in Ocln protein levels in colon epithelium correlates with increased epithelial permeability (Fig. 3C) . In addition, when WAS-induced reductions in Ocln levels are prevented with lubiprostone, increased colon epithelial paracellular permeability is not observed (Fig. 2) .
Intestinal permeability
Available data support involvement of 2 pathways in intestinal epithelial paracellular permeability, a high capacity pore pathway, and a low capacity leak pathway, both of which are passive (not requiring energy). 44, 53 The leak pathway is formed by gaps in the tight junctions, allowing passage of molecules between cells, and is charge independent and to some extent molecular size independent, with a maximum radius of 17 to 20Å for intact gut epithelium. The pore pathway is size restrictive (#4.5Å) because of the pore being created by the epithelial tight junction proteins forming a channel, and charge selective, which is determined by the pore-forming claudin proteins expressed. 44, 53 Because we examine permeability using 4 KDa FITC-dextran, a large molecule of 14Å, our data suggest that the leak pathway plays a key role in WAS-induced colon permeability.
We observed significant variability in colon epithelial paracellular permeability to 4 KDa FITC-dextran (14Å) in response to WAS. Previously, we observed that all WAS rats demonstrated an increase in colon permeability to PEG-400 (4.7-7.6Å). 57 The observed differences are most likely related to the size differences between the molecules, with the magnitude of flux of differentsized molecules determined by the gap size between tight junctions and the severity of paracellular permeability disruption. Specifically, all WAS rats exhibited an increase in paracellular permeability that allowed molecules between 4.7 and 7.6Å to move across the colon epithelium barrier. However, only a subpopulation of WAS rats demonstrated enhanced permeability that allowed 14-Å molecules to move across the colon epithelial barrier. Collectively, these studies suggest that all WAS rats have increased paracellular permeability involving the leak pathway, with a subpopulation of WAS rats demonstrating a more severe colon epithelial barrier dysfunction. The cellular pathways and molecular mechanisms that underlie the individual variability in epithelial barrier dysfunction are unknown but we speculate that differential expression of epigenetic regulatory pathways is a significant contributing factor.
The leak pathway has been shown to be dependent on 2 epithelial tight junction proteins occludin and ZO-1. 44, 53 Previously, we have shown that both ZO-1 and Ocln decrease with WAS. 57 In this study, we focused on Ocln because it is associated with tight junction stability rather than formation. We found that the level of Ocln protein in the colon epithelial cells correlated with the level of paracellular permeability. Immunostaining revealed that Ocln was localized to the surface membranes (tight junctions) in untreated and lubiprostone-treated WAS rats, supporting no alteration in intracellular trafficking of the protein. Furthermore, we observed variability in the levels of Ocln protein in the control rats. Our evidence supports that there is a natural variability in the colonic paracellular permeability in rats, which leads to differences in WAS-induced barrier dysfunction. Our data suggest that a potential key mechanism in WAS-induced permeability is regulation of the Ocln protein levels.
Although our data support the hypothesis that paracellular permeability involving large macromolecules using the leak pathway is a significant contributing factor to the development of stress-induced visceral hyperalgesia, the pore pathway likely plays a role as well. A number of studies have shown that WAS increases the pore pathway paracellular permeability for ionic molecules in the colon. 11, 41, 42, 45, 50, 56 In addition, lubiprostone has been shown to ameliorate pore pathway paracellular permeability dysfunction in the ischemia-injured porcine ilium mucosa model. 37 Therefore, future studies will need to specifically address the contribution of changes in pore paracellular permeability in stress-induced visceral hyperalgesia.
Linking increased colon epithelial paracellular permeability to enhanced visceral pain
In most model systems, it is unknown whether changes in intestinal barrier function are a prerequisite for the development of visceral hyperalgesia. Indeed, a review of the literature revealed that, except in the case of acute stress, 2 a direct link between the magnitude of visceral hyperalgesia and magnitude of increased intestinal permeability has never been clearly established. Our data indicate that increases in paracellular permeability to larger molecules (14Å) correlate with the magnitude of visceral pain and that inducing increased permeability leads to visceral hyperalgesia.
Our results support the interpretation that a potentially key link between increased permeability and pain is the tight junction protein Ocln that influences paracellular permeability. However, decreased Ocln protein levels are unlikely to be the only factor that leads directly to pain because no differences were observed in TER when Ocln was knocked down, whereas differences in TER were observed between Ctrl and WAS rat colon tissue. WAS-induced colon paracellular permeability dysfunction can lead to inflammation that triggers visceral pain by sensitizing enteric neurons and dorsal root ganglia upstream. 20, 34, 54 However, it remains unresolved whether: (1) stress leads directly to colon paracellular permeability dysfunction via glucocorticoid release as a result of stimulation of the HPA axis; (2) increased permeability is secondary to stress-induced inflammation, or (3) stress-induced increases in permeability and visceral hyperalgesia require both the effects of glucocorticoid and inflammation.
There is evidence of both inflammation and glucocorticoids being the driving forces in the development of intestinal permeability and visceral pain. Supporting glucocorticoids being the driving force, it has been found that dexamethasone, a powerful glucocorticoid receptor activator, increases gut permeability in chickens 51 and rats, 46 and glucocorticoids have been shown to regulate Ocln gene expression via the glucocorticoid receptor-binding site upstream of the Ocln gene in humans and rodents. 21, 23 It should be noted that dexamethasone is a long-acting potent pharmacologic agent used in the clinic, which is much different from the effect of cortisol levels in chronic, www.painjournalonline.comintermittent stress. On the other hand, inflammation has been reported to be a driving force in increased paracellular permeability in a number of studies looking at antibiotic, probiotic, and inflammatory factors. 5, 28, 29, 40, 43, 45, 47, 50, 54 Longitudinal studies examining the time course of WAS-induced colon paracellular permeability dysfunction and activation of proinflammatory mediators will help resolve this important issue.
Conclusion
Conditions such as irritable bowel syndrome and chronic, intermittent abdominal pain are common and are often aggravated by stress. We believe that the present study provides the first direct evidence that the magnitude of chronic stress-induced visceral hyperalgesia directly correlates with the level of increased colon epithelial paracellular permeability. This observation provides a rationale for the development of therapeutic interventions that specifically target the maintenance or restoration of intestinal epithelial tight junction proteins in the management of chronic stress-induced visceral hyperalgesia.
